miR-29b has been identified as a rapamycin-induced microRNA (miRNA) in Tsc2-deficient, mTORC1-hyperactive cells. The biological significance of this induction of miR-29b is unknown. We have found that miR-29b acts as an oncogenic miRNA in Tsc2-deficient cells: inhibition of miR-29b suppressed cell proliferation, anchorage-independent cell growth, cell migration, invasion, and the growth of Tsc2-deficient tumors in vivo. Importantly, the combination of miR-29b inhibition with rapamycin treatment further inhibited these tumor-associated cellular processes. To gain insight into the molecular mechanisms by which miR-29b promotes tumorigenesis, we used RNA sequencing to identify the tumor suppressor retinoid receptor beta (RARβ) as a target gene of miR-29b. We found that miR-29b directly targeted the 3′UTR of RARβ. Forced expression of RARβ reversed the effects of miR-29b overexpression in proliferation, migration, and invasion, indicating that it is a critical target. miR-29b expression correlated with low RARβ expression in renal clear cell carcinomas and bladder urothelial carcinomas, tumors associated with TSC gene mutations. We further identified growth family member 4 (ING4) as a novel interacting partner of RARβ. Overexpression of ING4 inhibited the migration and invasion of Tsc2-deficient cells while silencing of ING4 reversed the RARβ-mediated suppression of cell migration and invasion. Taken together, our findings reveal a novel miR-29b/RARβ/ING4 pathway that regulates tumorigenic properties of Tsc2-deficient cells, and that may serve as a potential therapeutic target for TSC, lymphangioleiomyomatosis (LAM), and other mTORC1-hyperactive tumors.
Introduction
Tuberous sclerosis complex (TSC) is an autosomal dominant syndrome that affects multiple organ systems and manifests as hamartomatous tumors of the brain, heart, kidney, skin, and lungs [1] . TSC is caused by germline loss-of-function mutations in one of the two tumor suppressor genes, TSC1 or TSC2. The TSC1 and TSC2 proteins function within a complex that integrates signals from the cellular environment, including growth factors and nutrients, to regulate the activity of mammalian/mechanistic target of rapamycin complex 1 (mTORC1) [1] . mTORC1 controls numerous essential metabolic processes, including protein and lipid synthesis, nucleotide synthesis, glycolysis, and autophagy [2] . Mutational inactivation of TSC1 or TSC2 results in hyperactivation of mTORC1 [3] [4] [5] .
Pivotal clinical trials have shown that mTORC1 inhibitors (sirolimus and everolimus) are effective agents for the treatment of several manifestations of TSC, including renal angiomyolipomas, subependymal giant cell astrocytomas, and pulmonary lymphangioleiomyomatosis (LAM). Partial responses are typically observed, with tumor regrowth upon treatment cessation; thus, continual lifelong therapy appears to be required, often beginning in early childhood [6] [7] [8] [9] [10] .
MicroRNAs, also known as miRNAs or miRs, are short noncoding single-stranded RNA species that can negatively regulate gene expression. Through an RNA-induced silencing complex, miRNAs bind to the 3′-untranslated region of their target genes, either by perfect base pairing resulting in mRNA degradation or by imperfect base pairing to block translation. Because a single miRNA can bind to several different mRNA transcripts and one mRNA transcript is often targeted by multiple miRNA species, small changes in miRNA levels can have large downstream effects on phenotypes that can include proliferation, cell cycle progression, differentiation, migration, apoptosis, and metabolism [11] .
miR-29b is one of the three members of the miR-29 family, which differ from each other by two or three bases. miR-29b-1 and miR-29b-2 are encoded by two separated genes on chromosome 7q32.3 and 1q32.2, respectively in human cells. Thus, two distinct precursor sequences (a pre-miR-29b-1 and pre-miR-29b-2) are produced, however the mature miR-29b sequence resulting from the precursors is identical [12, 13] . miR-29b has well-documented tumor suppressive activity, influencing cell proliferation, apoptosis, differentiation, metastasis, and chemotherapy sensitivity [14] . The expression of miR-29b is downregulated in multiple tumor types, including gastric cancer, prostate cancer, breast cancer, and lung cancer, consistent with a tumor suppressor mechanism [15] . However, miR-29b can have tumor-promoting activity in certain tissue and cell types [14] .
Previously, miR-29b was found to be upregulated upon rapamycin treatment in TSC2-deficient patient-derived angiomyolipoma cells [16] . The goal of this study was to investigate the biological role of miR-29b in Tsc2-deficient cells. We have demonstrated that miR-29b functions as an oncomiR in Tsc2-deficient cells, promoting cell growth, migration, and invasion. We identified retinoic acid receptor beta (RARβ) as a novel direct target of miR-29b and found that RARβ is a positive regulator of the tumor suppressor inhibitor of growth family member 4 (ING4) via protein-protein interaction. Importantly, miR-29b inhibition suppressed the growth of Tsc2-deficent cells in a xenograft mouse model of TSC. Finally, we found a significant negative correlation between miR-29b and RARβ expression in renal clear cell carcinomas and bladder urothelial carcinomas (BLCA), two tumors that are associated with mutational inactivation of the TSC genes. Taken together, our findings contribute to a better understanding of the mechanisms through which miR-29b promotes tumorigenesis. Targeting miR-29b represents a novel therapeutic strategy for TSC and other tumors with mTORC1 hyperactivation.
Results

Rapamycin upregulates miR-29b expression in vitro and in vivo in Tsc2-deficient but not Tsc2-expressing cells
We previously found that miR-29b is upregulated by rapamycin in human TSC2-deficient angiomyolipomaderived 621-101 cells [16] . To determine whether rapamycin-induced miR-29b expression is observed in other Tsc2-deficient models, we treated two pairs of Tsc2 wild-type and Tsc2-knockout mouse embryonic fibroblasts (MEFs) (referred to as Tsc2 +/+ and Tsc2 −/− MEFs; Tsc2 WT and Tsc2 KO MEFs) with rapamycin (20 nM) for 24 h. Using RT-qPCR, we found that miR-29b expression was upregulated by~2.5-fold (P < 0.001) in Tsc2 −/− MEFs (Fig. 1a ) and by twofold (P < 0.05) in Tsc2-KO MEFs (Fig. 1b) , upon rapamycin treatment. Unexpectedly, miR-29b expression was higher in wild-type MEFs compared with Tsc2-deficient MEFs. Rapamycin treatment of Tsc2expressing wild-type cells, however, did not affect miR-29b levels ( Fig. 1a, b ). Rapamycin treatment of ERL4 cells (Tsc2-deficient ELT3 cells derived from an Eker rat uterine leiomyomas and stably expressing luciferase) resulted in 1.7-fold (P < 0.05) miR-29b upregulation (Fig. 1c ).
To determine if rapamycin-dependent upregulation of miR-29b occurs in vivo, we treated Tsc2-deficient ERL4 xenograft tumors with rapamycin (3 mg/kg) every 2 days for 6 days (three treatments). miR-29b expression was increased by 2.8-fold (P < 0.01) compared with vehicletreated tumors (Fig. 1d ). These results demonstrate that miR-29b expression is upregulated by rapamycin treatment selectively in Tsc2-deficient cells, but not in Tsc2expressing cells, both in vitro and in vivo.
miR-29b promotes proliferation and anchorageindependent cell growth of Tsc2-deficient cells
To understand the functional significance of miR-29b in Tsc2-deficient cells, we examined the effects of miR-29b knockdown on cell proliferation in Tsc2 +/+ and Tsc2 −/− MEFs. Cells were transduced with miR-29b-ZIP lentivirus; a lentivirus expressing anti-miR-29b small RNAs (for miR-29b expression knockdown), or empty miR-Ctrl-ZIP (as a mock control). Four days after virus infection, the cultured cells expressed green fluorescent protein (GFP), a marker encoded by the miR-Zip vector. The GFP-positive cells expressing miR-29b-ZIP or miR-Ctrl-ZIP were sorted to enrich for miR-29b-ZIP or miR-Ctrl-ZIP-expressing population and confirmed by flow cytometry ( Supplementary  Fig. 1a ). We verified that the levels of miR-29b are suppressed in the presence or absence of rapamycin in Tsc2deficient MEFs-expressing miR-29b-ZIP or miR-Ctrl-ZIP by quantifying the absolute amounts of miR-29b (Supplementary Fig. 1b ). Cells were treated with vehicle or rapamycin for 24 h and then stained with crystal violet. miR-29b inhibition did not affect the proliferation of Tsc2 +/+ MEFs (Fig. 2a) . In contrast, cell proliferation in Tsc2 −/− MEFs stably expressing miR-29b-ZIP was reduced by 25% (P < 0.01) ( Fig. 2b ). Rapamycin treatment further suppressed the proliferation of Tsc2-deficient cells expressing miR-29b-ZIP by 80% (P < 0.0001) compared with vehicle-treated control cells ( Fig. 2b) . Similarly, miR-29b knockdown with miR-29b-ZIP in Tsc2 −/− MEFs further enhanced the inhibition of cell proliferation by the ATP-competitive inhibitors of mTOR, Torin 1 or PP242, compared with vehicletreated cells ( Supplementary Fig. 2b, d ). These inhibitors had no effect on proliferation levels in Tsc2 +/+ MEFs ( Supplementary Fig. 2a , c). We next examined the effect of miR-29b overexpression on cell proliferation. Tsc2 +/+ or Tsc2 −/− MEFs stably expressing one of the two precursors of miR-29b (miR-29b-1 or miR-29b-2) were generated. The relative and absolute levels of mature miR-29b were measured by qPCR (Supplementary Fig. 3a, b ). miR-29b overexpression levels in Tsc2 −/− MEFs were 2-2.5-fold higher compared with Tsc2 −/− MEFs expressing miR-Ctrl ( Supplementary  Fig. 3a, b ). Overexpression of miR-29b did not impact the proliferation of Tsc2 +/+ MEFs (Fig. 2c ), but increased the proliferation of Tsc2 −/− MEFs even in the context of rapamycin treatment (Fig. 2d ).
Consistent with these results, anchorage-independent growth assays of Tsc2 −/− MEFs revealed that miR-29b inhibition results in a 35% decrease in colony number (P < 0.01) ( Fig. 2e, f ). The combination of rapamycin and miR-29b inhibition further reduced colony formation by 73% (P < 0.0001) compared with control ( Fig. 2f ). In parallel, we found that overexpression of miR-29b increased colony number by fivefold in vehicle-treated Tsc2 −/− cells (P < 0.01) and by twofold in rapamycin-treated Tsc2 −/− cells (P < 0.05) ( Fig. 2g, h ). These data demonstrate that miR-29b is a critical regulator of cell proliferation and anchorage-independent growth in Tsc2-deficient cells and suggest that inhibition of miR-29b may enhance the therapeutic effect of rapamycin.
miR-29b promotes cell migration and invasion in Tsc2-deficient cells
To investigate the role of miR-29b in Tsc2-deficient cell migration, we used Tsc2 −/− MEFs stably expressing miR-29b-ZIP or Ctrl-ZIP in a transwell migration assay. miR-29b knockdown decreased cell migration by 55% (P < 0.05). The combination of miR-29b inhibition and rapamycin treatment reduced migration even further (81%, p < 0.0001) ( Fig. 3a, b ). Consistent with these data, overexpression of miR-29b in Tsc2 −/− MEFs enhanced cell migration by twofold (P < 0.05) compared with Ctrl-ZIP following vehicle or rapamycin treatment ( Fig. 3c, d) .
Similarly, miR-29b inhibition markedly suppressed the invasive capacity of Tsc2 −/− MEFs (45%, P < 0.01), as demonstrated using a Boyden chamber invasion assay, while the combination of miR-29b inhibition and rapamycin treatment further inhibited invasive capacity (73%, P < 0.001) ( Fig. 3e , f). Overexpression of miR-29b in Tsc2 −/− MEFs enhanced cell invasion by 1.5-fold (P < 0.001); rapamycin-treated miR-29b overexpressing cells still showed a 30% increase in invasion (P < 0.001) compared with Ctrl-miR ( Fig. 3g , h). These results demonstrate that miR-29b promotes the migratory and invasive behaviors of Tsc2-deficient cells, which may be enhanced with rapamycin treatment.
RNAseq analysis identifies RARβ as a candidate target of miR-29b
To investigate the molecular mechanism underlying these miR-29b-mediated cellular processes, we used RNA sequencing to analyze the transcriptional profiles of rapamycin-treated Tsc2 −/− MEFs expressing either miR-29b-ZIP or Ctrl-ZIP (20 nM, 24 h). Transcripts that were differentially regulated by log2 fold > 1.5 are highlighted in green ( Fig. 4a ). Out of 15,613 genes that were detected, 730 genes were upregulated by at least 1.3-fold (P < 0.05) ( Supplementary Fig. 4a and Supplementary Table 1 ) and 49 genes downregulated by at least 50% (P < 0.05) (Supplementary Fig. 4a and Supplementary Table 2 ). We next carried out a gene ontology analysis using DAVID bioinformatics resources. We focused on upregulated genes: since miRNAs downregulate their target mRNA expression, we expect miR-29b inhibition lead to upregulation of its direct targets. The upregulated genes were significantly enriched in multiple molecular functions, including heparin binding, sequence-specific DNA binding, metallopeptidase activity, growth factor activity and chemorepellent activity with FDR < 0.05 ( Supplementary Fig. 4b ). To visualize and catalog more comprehensively the links among miR-29bregulated genes, we mapped the functional connections among differentially expressed genes and their first-degree interactors using data from a consolidated interactome and observed a number of proteins involved in sequencespecific DNA binding in the network, including RARβ ( Fig. 4b , Supplementary Tables 1 and 2) .
To identify direct targets of miR-29b, we performed 3′ UTR-binding site prediction by TargetScan 6.2 and found 63 predicted targets among the 730 upregulated genes (red circles, Fig. 4b ). We then focused on genes whose expression was upregulated by miR-29b inhibition and suppressed by rapamycin, and identified RARβ, whose expression is downregulated by rapamycin and is restored by miR-29b inhibition ( Fig. 4c, d ). Furthermore, miR-29b overexpression downregulated RARβ expression at both mRNA and protein levels, with partial restoration following rapamycin treatment (Fig. 4e , f). In summary, RNAseq complemented by RT-qPCR and western blot analyses revealed that RARβ expression is reciprocally regulated by miR-29b and rapamycin.
RARβ is a direct and functionally important target of miR-29b
We next sought to determine whether the effects of miR-29b on RARβ are mediated via direct binding of miR-29b to the RARβ 3′UTR region, using a secreted dual-luciferase assay. The 3′UTR of RARβ contains a complementary site for the seed region of miR-29b ( Fig. 5a ). Knockdown of miR-29b in Tsc2 −/− MEFs increased the relative secreted luciferase activity of RARβ 3′UTR by fourfold (P < 0.001) following rapamycin treatment ( Fig. 5b) . Similarly, miR-29b overexpression suppressed the relative-secreted luciferase activity by 50% (P < 0.0001) ( Fig. 5c ). These data indicate that RARβ is a direct target of miR-29b.
We next investigated whether RARβ has functional importance in Tsc2-deficient cells. In the mouse, the RARB gene produces four isoforms (RARβ1, RARβ2, RARβ3, and RARβ4) [17] , only two of which (RARβ1 and RARβ2) are detected by our anti-RARβ antibodies as shown in Fig. 4c . We focused on RARβ2 since it is expressed in normal human adult tissue in contrast to RARβ1, which is primarily expressed during embryogenesis [18] . Overexpression of RARβ2 in Tsc2 −/− MEFs (Fig. 5d ) suppressed cell Tsc2 −/− MEFs overexpressing miR-29b inhibited cell migration by 40% (P < 0.0001) ( Fig. 5j , k) and invasion by 47% (P < 0.0001) ( Fig. 5l , m) compared with miR-29b overexpressing cells transfected with control vectors. Therefore, RARβ2 is critical target of miR-29b and regulates miR-29b-mediated migration and invasion of Tsc2deficient cells.
ING4 physically interacts with RARβ
To identify targets of RARβ that may play a role in TSC, we used the publicly available BioGrid database of Protein, Chemical, and Genetic interactions (BioGrid) and found that ING4 is an unconfirmed candidate for RARβ-interacting partner, identified by a yeast two-hybrid screen [19] . We performed coimmunoprecipitation assays under native conditions to preserve protein-protein interactions, which revealed that ING4 is present in RARβ immunoprecipitates ( Fig. 6a, left panel) , and RARβ is present in ING4 immunoprecipitates ( Fig. 6a, right . 6b ).
To study the effects of RARβ on ING4, we overexpressed RARβ2 in Tsc2 −/− MEFs and examined ING4 protein expression. As shown in Fig. 6c , RARβ2 overexpression increased ING4 protein levels. We next analyzed expression of ING4 in Tsc2 −/− MEFs with miR-29b inhibition in the presence and absence of rapamycin treatment. miR-29b inhibition increased ING4 protein level in both vehicle-treated and rapamycin-treated cells (Fig. 6d ). However, miR-29b inhibition and/or rapamycin treatment did not alter ING4 mRNA levels ( Fig. 6e ), suggesting that miR-29b indirectly regulates ING4 via RARβ.
To explore the functional significance of ING4 in Tsc2deficient cells, we next overexpressed ING4 in Tsc2 −/− MEFs (Fig. 6f ) and found that cell migration was strikingly decreased, by 60% (P < 0.001) (Fig. 6g ), and cell invasion was suppressed by 75% (P < 0.0001) ( Fig. 6h ). Since we had found earlier that overexpression of RARβ2 suppressed cell migration and invasion ( Fig. 5d -h), we hypothesized that knockdown of ING4 in RARβ2 overexpressing cells could elevate migratory/invasive phenotypes. Inhibition of ING4 expression with four individual siRNA duplexes from SMARTpools (Fig. 6i ) increased both the migration and the invasion of RARβ2 overexpressing Tsc2-deficient MEFs (Fig. 6j, k) . Taken together, these results indicate that the interaction between ING4 and RARβ is important for inhibiting cell migration and invasion in Tsc2deficient cells.
miR-29b inhibition suppresses tumor growth in vivo and miR-29b expression negatively correlates with RARβ in human kidney and bladder cancer
To determine how miR-29b impacts Tsc2-deficient cell growth in vivo, we generated Tsc2-deficient ERL4 cells expressing either Ctrl-ZIP or miR-29b-ZIP (miR-29b knockdown) and inoculated the cells subcutaneously in immunodeficient mice. miR-29b inhibition did not affect tumor-free survival (Fig. 7a ). However, inhibition of miR-29b significantly decreased tumor growth ( Fig. 7b ): at 30 days post injection, miR-29b-knockdown cells formed significantly smaller tumors (P < 0.0001) ( Fig. 7c ). To examine the effect of combined rapamycin treatment with miR-29b inhibition, we treated mice carrying Ctrl-ZIP or miR-29b-ZIP tumors of 300-400 mm 3 with rapamycin (3 mg/kg) every 2 days for 3 weeks and assessed tumor growth on and off treatment. We found that combination therapy of rapamycin plus miR-29b inhibition suppressed tumor regrowth by 56% (P < 0.01) compared with mice carrying Ctrl-ZIP tumors receiving rapamycin alone ( Fig.  7d, e ). The tumor growth rate was remarkably slower in miR-29b-ZIP xenografts compared with Ctrl-ZIP xenografts following rapamycin cessation, with a net decrease of 75% in tumor volume at 14 days following the last treatment (P < 0.05) (Fig. 7f ). The combination of rapamycin and miR-29b inhibition also extended the median survival of the mice from 25 to 34 days ( Fig. 7g ).
To determine whether miR-29b inhibition and rapamycin treatment affect RARβ and ING4 protein expression, we treated mice-bearing tumors of 300-400 mm 3 in size with rapamycin (3 mg/kg) every 2 days for 3 treatments in total. RT-qPCR analysis of tumor RNA demonstrated that miR-29b knockdown increased RARβ mRNA levels by fourfold (P < 0.05) in vehicle-treated tumors and by sixfold (P < 0.01) in rapamycin-treated tumors (Fig. 7h ). As expected, ING4 mRNA levels were unchanged in both vehicle-treated and rapamycin-treated tumors (Fig. 7i ). Western blotting of tumor lysates confirmed that rapamycin downregulated RARβ protein expression while miR-29b inhibition restored its expression ( Fig. 7j) . These data support the model suggested by our in vitro data, that miR-29b inhibition impedes Tsc2-deficient cell growth and that RARβ and ING4 are downstream targets of miR-29b in vivo.
Finally, we examined whether miR-29b expression correlates with RARβ in human cancer specimens using TCGA RNA-sequencing data from the renal clear cell carcinomas and bladder urothelial carcinomas. We focused on these tumors since they can be both associated with TSC gene mutations [20, 21] . In agreement with our experimental data, this database also showed a significant negative correlation of miR-29b expression with RARβ in renal clear cell carcinomas (r = −0.3537, P < 0.0001) ( Fig. 7k ) and bladder urothelial carcinomas (r = −0.2554, P < 0.0001) (Fig. 7l ).
Discussion
miRNAs are involved in many aspects of tumor biology, and while the TSC pathway is directly involved in microRNA biogenesis via Drosha [22, 23] , relatively little is known about the role of miRNA in the pathogenesis and therapy of TSC and LAM. We have previously discovered that miR-29b is a rapamycin-regulated miRNA, but the functional significance and therapeutic impact of miR-29b induction by rapamycin has not been previously explored in TSC. Here, we report that Given that mTORC1 hyperactivation and miR-29b dysregulation are relevant to many human tumors [15] , the mechanistic insights gained from this study have broad potential implications.
Our previous screen in which miR-29b was identified as a rapamycin-regulated microRNA (RapamiR) included only a single cell type (angiomyolipoma-derived cells). In this study, we found that rapamycin increased miR-29b expression in multiple Tsc2-deficient cells lines. We also found that miR-29b is expressed at lower levels in Tsc2deficient cells compared with Tsc2-expressing wild-type cells, consistent with TSC-and mTORC1-dependence and with a prior report that mTORC1 is a negative regulator of miRNA biosynthesis [23] . In contrast, another RapamiR, miR-21, which is also upregulated by rapamycin, is not Tsc2 dependent [16, 24] highlighting the complexity of miRNA regulation by the TSC/mTORC1 pathway.
Our results indicate that miR-29b is a positive regulator of cell growth, migration, invasion, and in vivo tumorigenesis in Tsc2-deficient cells. The existing literature suggests that miR-29b plays a dual role in tumor progression, with both tumor suppressive and tumor-promoting activities. In many studies, miR-29b is described as a tumor suppressive miRNA by inhibiting cell proliferation [25] , migration [26] , invasion [27, 28] , and DNA methylation [29, 30] as well as promoting apoptosis [31, 32] and differentiation [33] . In contrast, there is growing evidence that miR-29b has oncogenic effects. In acute myeloid leukemia miR-29b targets an important tumor suppressor, TET2 for degradation [34] . Inhibition of miR-29b in bladder cancer cells decreased growth [35] , and overexpression of miR-29b in breast cancer enhanced cell migration, invasion, and resistance to apoptosis as a results of targeting PTEN, C1q and tumor necrosis factor-related protein 6 (C1QTNF6), SPARC, and COL4A2 [36, 37] . In Tsc2-deficient cells, miR-29b clearly functions as an oncogenic miRNA, suggesting for the first time that the genetic context influences miR-29's actions.
Rapamycin has a cytostatic impact on Tsc2-deficient cells. In TSC clinical trials and in preclinical studies, there is an incomplete tumor regression, with tumor regrowth upon treatment discontinuation. We hypothesize that upregulation of miR-29b, which is protumorigenic, is one of the key mechanisms driving this cytostatic, partial response to rapamycin. This hypothesis is supported by our finding that suppression of miR-29b combined with rapamycin treatment further decreased Tsc2-deficient cell growth, migration, and invasion. Therefore, the combination of rapamycin and miR-29b inhibition could have therapeutic benefit in TSC and other mTORC1hyperactive tumors. Combination therapeutic strategies such as this, that potentiate the actions of rapamycin and thereby decrease the need for continuous, lifelong therapy, could lead to significant clinical benefit for both children and adults living with TSC.
The mechanisms through which miR-29b executes its tumor-promoting function in TSC involve inhibition of the RARβ, a previously unidentified direct target of miR-29b. RARβ expression is upregulated in Tsc2-deficient cells with knockdown of miR-29b and upregulated in cells overexpressing miR-29b; this is the result of targeting of the 3′ UTR of the RARβ transcript by miR-29b. RARβ is a member of the steroid hormone receptor superfamily of nuclear transcriptional regulators. Like other members of this family, RARβ binds retinoic acid, the biologically active form of vitamin A [38] . Loss of RARβ2 expression has been associated with carcinogenesis in humans, and resistance to retinoid acid treatment [39] . In Tsc2-deficient cells, forced-expression of RARβ2 in the context of miR-29b overexpression inhibited cell migration and invasion, consistent with a model in which down regulation of RARβ2 is necessary for the oncogenic actions of miR-29b. 
Relative invaded cells
The mechanisms through which RARβ2 acts as a tumor suppressor include its ability to inhibit the expression of EGFR, activating protein-1 (AP-1), COX-2, and ERK1/2 [40] . Many of these studies focused on genes regulated via RARβ2's transcriptional activity, either directly or indirectly. We have identified a novel mechanism through which RARβ2 can mediate tumor suppression, via forming a protein complex with the ING4, which is also a tumor suppressor. We found that RARβ binds to ING4 in endogenous coimmunoprecipitation analyses. Furthermore, this interaction has functional relevance, as RARβ2-mediated inhibition of cell migration and invasion was elevated by siRNA knockdown of ING4. These studies suggest that ING4 is a previously unrecognized critical downstream effector of RARβ.
ING4, a member of the ING tumor suppressor family, is involved in many cancer-related cellular processes including proliferation, migration, apoptosis, angiogenesis, hypoxia, DNA damage response, and contact inhibition [41] . Interestingly, ING4 has been demonstrated to mediate chromatin remodeling by interacting with tri-methylated histone H3 at lysine 4 [42] and histone acetyltransferase binding to ORC histone acetyltransferase complex (HBO1 HAT) [43] . Furthermore, ING4 is a negative regulator of nuclear factor-κB (NF-κB) activity [44] by acting as a E3 ubiquitin ligase to induce NF-κB/p65 degradation [45] . Of particular relevance to our findings, ING4 suppresses melanoma cell migration and invasion by regulating Kang-Ai 1, a well-known tumor metastasis suppressor in prostate cancer via the regulation of NF-κB/p65 [46, 47] . In addition, ING4 interacts with liprin α1 and inhibits liprin α1-induced cell motility [48] . We speculate that the interaction between RARβ and ING4 suppresses Tsc2-deficient cell migration and invasion via KAI, NF-κB/ p65, or liprin α1, but further studies will be needed to clarify these mechanisms. This miR-29b/RARβ/ING4 axis could be relevant to pulmonary LAM, which is believed to result from the metastasis of benign smooth muscle-like cells to the lung. These cells can lead to cystic lung destruction, oxygen dependency, and death [49] [50] [51] . Thus, restoration of RARβ2 and ING4 by inhibiting miR-29b could be beneficial in reducing the migratory and invasive potential of LAM cells. RARβ2 can be activated by all-trans retinoic acid, which is already approved by US Food and Drug Administration for the treatment of acute promyelocytic leukemia.
In conclusion, miR-29b is upregulated by rapamycin in Tsc2-deficient cells. Inhibition of miR-29b suppresses Tsc2deficient tumor progression by downregulating cell growth, migration, and invasion via RARβ, a direct and novel target of miR-29b, and ING4, a tumor suppressor that directly interacts with RARβ. These findings may have clinical relevance for the adults and children with TSC and for the women with LAM, and for sporadic tumors with mTORC1 hyperactivation (estimated to represent 50% of all human malignancies).
Materials and methods
Lentiviral gene delivery and establishment of stable cell lines
To make lentivirus, plasmids encoding Ctrl-ZIP, miR-29b-ZIP, miR-Ctrl, miR-29b-1, or miR-29b-2 (System Biosciences, USA) were cotransfected with the package (pCMV-dR8.91) and envelop (pCMV-VSVG) plasmids into 293T cells. The virus-containing supernatant was harvested, filtered with a 0.45 μm filter, and used to infect cells with 10 μg/mL polybrene.
Heterogeneous pools of miR-29b-knockdown cells were generated by transducing Ctrl-ZIP or miR-29b-ZIP lentivirus into MEFs or ERL4 cells. Clones were selected in complete growth medium containing 10 μg/ml of puromycin for 4 days, FACS sorted for GFP expression by the ZIP construct then maintained in 5 μg/ml of puromycin. Heterogeneous pools of miR-29b overexpressing cells were generated, selected, and maintained as described above by introducing miR-Ctrl, miR-29b-1, or miR-29b-2 lentivirus into MEFs. 
Western blot analysis
Cells were lysed using 1% Triton in TBS containing protease and phosphatase inhibitors. Tumors were lysed using 1X RIPA buffer containing protease and phosphatase inhibitors. Equal amounts of total protein were separated by electrophoresis on a 4-12% Bis-Tris gel and transferred to a PVDF membrane. Blots were blocked in 5% BSA, then incubated with primary antibodies (See Supplementary Table  3 ) overnight at 4°C. The membranes were washed and then incubated with horseradish peroxidase-conjugated secondary antibodies at room temperature for 1 h. Bands were detected using SuperSignal West Pico Plus chemiluminescence substrate (Thermo Fisher Scientific, USA) and photographed with G:BOX blot imaging system (Syngene, UK).
RNA isolation, miRNA isolation, and RT-qPCR
Total RNA from cells or tumors was extracted using RNeasy RNA isolation kit (Qiagen, Germany). MiRNA was extracted using miRCURY RNA isolation kit (Exiqon, USA). Extracted total RNA was reverse transcribed into cDNA using High-Capacity cDNA Reverse Transcription kit (Thermo Fisher Scientific, USA) and miRNA was reverse transcribed using TaqMan Advanced miRNA cDNA synthesis kit (Thermo Fisher Scientific, USA). For gene expression, quantitative real-time PCR (qPCR) was performed using Taqman Universal Master Mix II, with UNG and for miRNA expression qPCR was performed using Taqman Fast Advanced Master mix (Thermo Fisher Scientific, USA). Real-time PCR was performed using an Applied Biosystems StepOnePlus Real-time PCR system (Thermo Fisher Scientific, USA) with miRNA-specific primers or gene-specific primers (see Supplementary  Table 4 ). Values represent the average of three independent experiments, normalized to β-actin for gene expression or miR-320a for miR-29b expression.
To quantify the absolute amounts of miR-29b, a synthesized Caenorhabditis elegans microRNA mimic (Thermo Fisher Scientific, USA), cel-miR-39 was used as the spike-in control. miRNA was isolated from cells using the PureLink miRNA isolation kit (Thermo Fisher Scientific, USA) following the manufacturer's protocol and cel-miR-39 (250 pmol) was added to each sample when cells were lysed. Extracted miRNA was reverse transcribed as described above. In addition, synthetic miRVana mmu-miR-29b-3p (ID: MC10103) and cel-miR-39-3p (ID: MC10956) mimics (Thermo Fisher Scientific, USA) were serially diluted to final concentrations of 2000 nM, 200 nM, 20 nM, 2 nM, 0.2 nM, 0.02 nM, 2 pM, 0.2 pM. Serial dilutions of hsa/mmu-miR-29b and cel-miR-39 mimics were reverse transcribed and assayed concurrently with miRNA extracted from cells. For each qPCR plate, standard curves for hsa/mmu-miR-29b and cel-miR-39 were included to convert the cycle threshold (Ct) values of each sample into the corresponding number of miRNA copies. Finally, the exact copies of miR-29b are calculated by the yield ratios of added cel-miR-39 to obtain the absolute amounts of miR-29b in cells. Fig. 7 miR-29b functions as an oncomiR in vivo and miR-29b levels are inversely correlated with RARβ expression in human tumors. a-c Mice were subcutaneously injected with 2 × 10 6 Tsc2-deficient ERL4 cells expressing miR-29b-ZIP or Ctrl-ZIP. miR-29b-ZIP (n = 19) expressing tumors showed no difference in tumor-free survival compared with Ctrl-ZIP (n = 20). Statistical significance was determined by Log-rank test (a). Tumor growth was analyzed by caliper measurement over 30 days (b). Mean tumor volume ± SD 30 days post injection indicated miR-29b-ZIP-expressing cells formed smaller tumors. Statistical significance was determined by Mann-Whitney's U test (c). d-g miR-29b-ZIP (n = 3) or Ctrl-ZIP (n = 5) tumors 300-400 mm 3 in size were subjected to rapamycin treatment (3 mg/kg, every 2 days for 3 weeks and 9 treatments in total). Tumor growth was analyzed by caliper measurement during rapamycin treatment and 9 days following rapamycin cessation and data are presented as mean ± SD. Statistical significance was determined by Mann-Whitney's U test (d). Mean individual tumor volume ± SD 18 days after rapamycin treatment began. Statistical significance was determined by Mann-Whitney's U test (e). The average tumor volume difference of miR-29b-ZIP or Ctrl-ZIP after the last rapamycin treatment (day 18) and the final measurement (day 27) is shown and data are presented as mean ± SD.
Statistical significance was determined by Mann-Whitney's U test (f). Survival analysis of mice-bearing miR-29b-ZIP or Ctrl-ZIP tumors treated by rapamycin and statistical significance was determined by Log-rank test (g). h-i miR-29b-ZIP or Ctrl-ZIP tumors 300-400 mm 3 in size were subjected to short-term vehicle or rapamycin treatment (3 mg/kg, every 2 days for 3 treatments). Tumor RNA was extracted and analyzed for mRNA expression of RARβ (h) or ING4 (i). Data are presented as mean ± SD relative to vehicle-treated Ctrl-ZIP of n = 3. Data for bar graphs were calculated using two-way ANOVA followed by Bonferroni's posttest for multiple comparisons. Tumor tissue lysates were prepared and analyzed by immunoblotting with RARβ, ING4, pS6, or vinculin antibodies. *P < 0.05; **P < 0.01; ****P < 0.0001. Comparison of miR-29b and RARβ expression levels in renal clear cell carcinomas (n = 253) (k) and bladder urothelial carcinomas (n = 406) (l) from TCGA. Pearson correlation coefficient (r) and values are indicated Crystal violet proliferation and anchorageindependent growth assay Cells were seeded (0.5 × 10 3 per well) in 96-well plates in 75 µL growth media (without selection antibiotics) on day 0. Rapamycin (LC laboratories, USA) (20 nM) or vehicle (DMSO) was added when cells were attached. Cells were fixed in 10% formalin for 10 min then stained with 0.5% crystal violet for 20 min. Excess crystal violet was removed, and cells were washed with H 2 O. Then, 100% of methanol was added to dissolve crystal violet and absorbance was read at 540 nm using a Synergy HT Multi-Mode Microplate Reader (BioTek, USA). Experiments were performed in triplicate.
Anchorage-independent growth assays were done in sixwell 35 mm tissue culture dishes containing a bottom layer of 0.7% (w/v) agarose in complete growth medium and a top layer of 0.3% agarose solution mixed with 1.5 × 10 4 Tsc2 −/− MEFs in presence of rapamycin (5 nM) or vehicle (DMSO) in triplicate and incubated at 37°C for 2 weeks. Colonies were manually scored using ImageJ analysis software from images taken using an Olympus SZH10 Stereo microscope (Olympus, Japan) and a Nikon D3000 camera (Nikon, Japan).
Migration and invasion assays
For migration assays, cells were seeded at a density of 5 × 10 4 cells in the upper chamber of a 6.5-mm Transwell with 8.0-µm pore polycarbonate membrane inserts (Corning, USA) in 100 µl of serum-free DMEM containing rapamycin (20 nM) or vehicle (DMSO) for 6 h at 37°C. Complete growth medium was placed in the bottom compartment as a chemoattractant. After incubation, nonmigrated cells were wiped off from the upper surface using cotton swabs. The migrated cells on the lower surface were fixed and stained using the Differential stain kit (Newcomer Supply, USA). Five random fields of migrated cells were imaged using a ×15 objective on an Olympus FSX100 microscope; migrated cells were quantified using ImageJ analysis software. The experiments were performed in duplicate.
For invasion assays, cells were seeded at a density of 2.5 × 10 4 cells in the upper chamber of a 6.5-mm Transwell with 8.0-µm PET membrane precoated with Matrigel (Corning, USA) in 100 µl of serum-free DMEM-containing rapamycin (20 nM) or vehicle (DMSO) for 24 h at 37°C. Invaded cells were fixed, stained, imaged, and counted as described above.
Co-immunoprecipitation
Cells were harvested, washed with PBS and lysed in 1X RIPA buffer (Cell Signaling, USA) containing protease and phosphatase inhibitor cocktails with constant rotation at 4°C for 30 min. Cell lysates (2000-2200 µg) were incubated with RARβ, ING4, or rabbit IgG control antibodies together with protein G Sepharose beads (GE healthcare, USA) at 4°C overnight. The immune complexes were isolated via centrifugation and washed four times with 1X RIPA buffer. The proteins were then separated with an SDS/polyacrylamide gel.
Luciferase reporter assay
Ctrl-ZIP, miR-29b-ZIP, Ctrl-miR, miR-29b-1, or miR-29b-2 stable expressing Tsc2 −/− MEFs were seeded in sixwell dishes, then transfected using lipofectamine 3000 (Thermo Fisher Scientific, USA) with 2 µg of the 3′UTR dual reporter plasmid (pEZX-MT05-3′UTR RARβ), purchased from GeneCopoeia, USA. Cells were treated with rapamycin (20 nM) or vehicle (DMSO) 24 h following transfection. The luciferase activity of the cultured supernatant was measured 48 h after transfection using Secrete-Pair TM Dual Luminescent Kit (GeneCopoeia, USA) according to the manufacturer's instructions.
In vivo tumorigenicity assay
All studies involving mice were undertaken after receiving ethical approval from Boston Children's Hospital Animal Care and Use Committee. ERL4 cells stably expressing Ctrl-ZIP or miR-29b-ZIP (2.0 × 10 6 ) were mixed with phenol-red free Matrigel (BD Biosciences, USA) 1:1 (v/v) to obtain a final volume of 150 µl. The cell/Matrigel mix was injected unilaterally into 7-8-week-old female athymic Balbc nu/nu mice (Charles River, USA) using a 21G needle. Once the tumors become palpable, the width and length of palpable tumors were measured with digital calipers. Tumor volume was calculated using the equation (length) × (width) 2 /2. When tumors reached 300-400 mm 3 in volume, mice were treated with rapamycin (3 mg/kg), every 2 days for a total of 3 treatments or every 2 days for a total of 9 treatments over 3 weeks. Four hours following the last treatment, tumors were harvested, snap frozen then stored at −80°C for RNA and protein analysis. For all the animal studies, we have chosen to use at least three mice per group to ensure adequate power to detect difference between groups. All animal studies were blinded and conducted under the guidelines of Boston Children's Hospital Animal Care and Use Committee.
Data source
To analyze the expression levels of RARβ and miR-29b, mRNA-seq and miRNA-seq data of kidney renal clear cell carcinomas and bladder urothelial carcinomas cohorts were obtained from the Broad Institute GDAC (TCGA data version 20150601).
Statistical analysis
Data are presented as the mean ± SEM. All statistical analyses and P values were determined by an unpaired Student's t-test, Mann-Whitney's U test, one-way ANOVA or two-way ANOVA followed by Bonferroni's posttest using GraphPad Prism 6.0 (GraphPad software). The mRNA and miRNA expression data obtained from TCGA were analyzed for Pearson's correlation coefficients. A P value < 0.05 was regarded as significant.
